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ABSTRACT 
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We present the first results of a survey designed to understand the origin of 
00 ' the Lya-forest absorption systems at low redshift. Using the WYFFOS and HYDRA 

multi-fibre spectrographs on the WHT and WIYN telescopes, we have identified 51 
galaxies brighter than bj — 18.5 within 30 arcmins of the sightlinc of the QSO 
<N ; 1821+643. We find three galaxies within 500 h^^ kpc of the QSO sighthne; the near- 

est galaxy is 104 kpc away from the line of sight, and is at the same redshift as 
a strong {Wr = 0.63 A) Lya absorption line. The remaining two galaxies have no 
\ corresponding absorption to extremely low equivalent width limits (< 0.05 A). Beyond 

■ 500 kpc Lya absorption lines are found at similar redshifts as several galaxies, 

' but we show that these coincidences are likely to be accidental. 

, Half of the Lya systems for which we could have found at least an L* galaxy have 

0^ ' no galaxies at the absorbers' redshifts. For the majority of the remainder, we show that 

any apparent association with galaxies is probably coincidental. These Lya systems 
Q^i are characterised by their weak equivalent widths (Wr < 0.2 A), and we conclude 

I ' that this population of absorbers is uncorrelated, or at best, weakly correlated, with 

O I galaxies. 

C/3 . Key words: quasars: absorption lines — galaxies: haloes — cosmology: large-scale 

' structure of the Universe 



1 INTRODUCTION extended gaseous envelopes ~ 160 kpc in radius^ and 

that the fraction of Lya-forest lines which occur in galaxies 
is high, between ~ 40 — 70 % (Lanzetta et al. 1995, hereafter 
LBTW). Confusingly, a study identical in method and ob- 

Until recently, it was widely believed that the numerous, j^ctive, but using different sightlines, failed to confirm this 

diffuse H I clouds which give rise to the dense Lya-forest "^^sult (Le Brun et al. 1996) and instead suggested that Lya 

lines seen in high-redshift QSO spectra are intergalactic l^^es may simply follow the large scale structures which the 

clouds not directly associated with galaxies (Sargent et al. brightest galaxies map out. More recent observations have 

1980). However, since the launch of HST and the subse- ^^own that at least some Lya absorbers reside in galaxy 

quent discovery of Lya lines in the UV at redshifts < 1 ^oi^s (Shull et al. 1996), although what that fraction is re- 

(Bahcall et al. 1991; Morris et al. 1991), our understanding "^^^^^ unclear. 

of their origin has become somewhat confused. The low- ^ previous paper (Bowen, Blades, & Pettini 1996; 

redshifts of these newly identified systems have made it hereafter BBP) we conducted a search for Lya absorption 

possible to directly search for galaxies which may be re- lines from nearby galaxies, since it is easier to study the 

sponsible for the absorption, and deep CCD images of fields ^"gin and characteristics of Lya clouds in the local uni- 

around observed QSOs, combined with spectroscopic confir- ^^rse. We concluded that nearby galaxies do not possess 

mation of candidate galaxies, initially suggested that Lya Lya-absorbing halos beyond ~ 300 h kpc, and that i/ab- 
clouds are only weakly associated with galaxies on scales of 
~ 0.5-1 Mpc (Morris et al. 1993, hereafter M93; Stocke 

et al. 1995). Later studies, however, found that most lumi- * h = Ho/100, where Hq is the Hubble constant, and qo = 0.5 

nous galaxies at 0.1 < z < 1 are apparently surrounded by throughout this paper 
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sorption systems were directly associated with chosen galax- 
ies, then ~ 40% of galaxies had absorbing halos of radii 
50 — 300 kpc. However, several facts led us to question 
whether galaxies we identified were actually responsible for 
a Lyof line when absorption was found, and we proposed 
that the most likely explanation was that absorbers follow 
the large-scale structure of the galaxy distribution, a con- 
clusion similar to that drawn by Le Brun et al. (1996) at 
higher redshift and supported by numerical simulations of 
the high redshift universe (e.g. Cen et al. 1994; Petitjean, 
Miicket & Kates 1995; Zhang et al. 1995; Miicket et al. 1996). 
An alternative explanation is that Lya absorbers are associ- 
ated with dwarf galaxies or low surface-brightness galaxies; 
in that case the bright galaxies we had selected which ap- 
peared to show absorption were not in fact directly respon- 
sible for the absorption. A similar suggestion has been made 
by ShuU et al. (1996). 

The observations reported in BBP were designed to 
study the incidence of absorption in galactic halos; we did 
not, however, quantify the fraction of the Lya-forest asso- 
ciated with galaxies. To determine this quantity, complete 
redshift information must be obtained in the field of a QSO 
sightline to ensure that any galaxy which might be associ- 
ated with any particular absorption line could be detected 
— at least to some limiting magnitude. 

We have therefore begun a spectroscopic survey of 
galaxies in fields of selected QSOs observed with HST in the 
far UV, to characterise any association of Lya absorption 
systems with present day galaxies and their large scale struc- 
ture. With the advent of multi-fibre spectrographs able to 
obtain redshifts of relatively faint galaxies over large areas of 
sky, it is now feasible to pursue such a study. In this paper we 
present the first results of our programme, identification of a 
magnitude limited sample of galaxies toward the bright QSO 
1821-1-643 (zom = 0.297). This was one of the first QSOs to 
be observed with HST (Bahcall et al. 1992) , and was one of 
the sightlines studied by Le Brun et al. (1996) in order to 
identify intermediate-redshift Lya absorbers. Q1821-I-643 is 
unique in being one of the few QSOs bright enough to be 
observed with the Faint Object Spectrograph (FOS) aboard 
HST and the medium resolution gratings of the Goddard 
High Resolution Spectrograph (GHRS). This means that 
over small wavelength regions it is possible to search for 
weak Lya lines (equivalent widths < 100 mA) which cannot 
be seen in FOS data. 

This paper is structured as follows: In §2.1 we present 
spectra of galaxies obtained with the multi-fibre spectro- 
graphs WYFFOS/AF-2 attached to the William Herschel 
Telescope (WHT) on La Palma, and HYDRA on the WIYN 
telescope at the Kitt Peak National Observatory. §2.2 dis- 
cusses our re-analysis of the avilable HST data. In §3 we 
present the results from our survey, and discuss the size of in- 
dividual galaxy halos (§3.1) and the association of Lya lines 
with galaxies in general (§3.2). In §3.3 we consider whether 
the associations found are significant compared to a random 
distribution of galaxies and absorbers. Our conclusions are 
summarised in §3.5. 



2 OBSERVATIONS 



2.1 Galaxy redshifts 

2.1.1 WYFFOS data 

Lists of galaxy candidates were produced from a scan of the 
POSS-II plate PJ3948C which covers the field of Q1821-H643 
using the Automated Plate Measuring (APM) Scanning Ma- 
chine in Cambridge. The majority of spectra were obtained 
with the WYFFOS/AF-2 instrument on the WHT on Au- 
gust 20 and August 22nd 1995. WYFFOS is a bench spec- 
trograph situated at the Nasmyth platform of the WHT, 
fed by 2.7 arcsec fibres positioned at the prime focus of the 
telescope using the Autofib-2 fibre positioner, with a circu- 
lar field of view of 30 arcmins radius. Data were obtained 
using the R600B grating centered at 5200 A and a thinned 
Tektronix 1024 CCD as the detector giving a wavelength 
coverage of ~ 3000 A. 

Fibre configu- 
rations were produced using the configure routine, with 
priority given to the brightest objects in our sample. With 
a configuration completed, objects already allocated with a 
fibre were removed from the list, and the configuration rou- 
tine run again, with the same magnitude priority acting on 
the list to produce the next configuration. Two exposures of 
1200 sec were taken at each fibre configuration. Fibres un- 
allocated to galaxy candidates were used for obtaining sky 
spectra, and wavelength calibration frames were taken for 
each fibre configuration. To maximise the efficiency of the 
available telescope time, we decided to obtain spectra of all 
objects with APM magnitudes of bj < 18.5 in the 30 arcmin 
radius field of view. Spectra were obtained of 69 objects us- 
ing 3 fibre configurations. These objects are listed in Table |l|, 
with object designation given in column 1. The nomencla- 
ture of objects is arbitrary, but the EXT designation indi- 
cates objects which were not selected from the APM scans 
as galaxies, but were nevertheless added either because their 
classification as galaxies were marginal or because of their 
proximity to the QSO sightline. All these objects turned out 
to be stars. 

Data were reduced using the wyffos data reduction 
package (Lewis 1996) running under IRAF. Redshifts of 
extracted spectra were measured by cross-correlation with 
two radial velocity standards HD182572 [vr — —100.5 ± 
0.4 km s"^) and HD171391 {vr = -1-6.9 ± 0.2 km s~^) using 
the rv IRAF package. The resolution of our data, as mea- 
sured from the calibration arc lines, was 6.2 A, or 350 km s~^ 
at 5300 A; cross-correlation of galaxy spectra with template 
radial standards is known to give accuracies of ~ 0.1 x 
FWHM, or ~ 35 km s~^ for our data. Cross correlation 
of the two radial velocity standards with each other easily 
found the correct shift, confirming that the technique could 
certainly measure velocities to at least 100 km s~^. 

Sky was subtracted from each spectrum using summed 
sky spectra obtained during object exposures. Column 6 of 
Table |l| indicates the quality of the final spectrum: 'a' indi- 
cates a certain redshift, measured independently from both 
of the two exposures of a given fibre configuration; 'b' also 
indicates a certain redshift (more than one feature is identi- 
fied in a spectrum) but the redshift could only be measured 
accurately from one of the exposures; 'c' means a redshift 
could be measured but the data were of low quality and 
the redshift may be uncertain (this applied to only two ob- 
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jects in our sample); 'd' indicates that no redshift could be 
measured. 

Of 69 objects observed, 63 redshifts were obtained. Of 
these, 44 were galaxies. Redshifts for 68 objects are given 
in column 5 of Table |l| (Obj56 in the original list of 69 
objects measured was removed — see §2.1.2), along with the 
RA & DEC of the object (cols. 2 and 3), the bj magnitude 
derived from the APM scans (col. 4) , the angular separation 
of the object on the plane of the sky from the QSO, 9, in 
arcmins, (col. 7), and the corresponding separation in units 
of kpc, p, when the redshift is known. Values of p = 
are given for objects identified as stars. 

2.1.2 HYDRA data 

Additional spectra of objects in the field of Q1821+643 were 
obtained with the HYDRA instrument on the WIYN tele- 
scope at Kitt Peak. HYDRA is similar in design to WYF- 
FOS in that a fibre positioner feeds optical fibres to a bench 
spectrograph. The field of view (30 arcmin radius) is also 
the same. Observations were made as part of the WIYN 
Queue Observing Experiment on September 3rd 1996 using 
316 lines mm~^ grating centered at 5800 A and a thinned 
2048x2048 CCD covering a wavelength range of ^ 4000 A. 

Three exposures of 2400 sec each were taken with one 
fibre configuration. Fibres unallocated to galaxy candidates 
were again used for obtaining sky spectra, and wavelength 
calibration frames were taken before and after the configu- 
ration exposures. Data were reduced using the dohydra data 
reduction package (Valdes 1992) running under IRAF. Red- 
shifts of spectra were measured by cross-correlation with the 
same two radial velocity standards used for the WYFFOS 
data. The resolution as measured from the comparison arc 
lines was 8.4 A, or 430 km s"^ at 5800 A. 

Spectra were obtained of 80 objects. 58 of these had al- 
ready been observed with WYFFOS. Several HYDRA spec- 
tra yielded redshifts which could not be be measured in the 
WYFFOS data. These objects, as well as those not covered 
by the WYFFOS configurations, are listed separately in Ta- 
ble ^. For objects with redshifts identified from both sets of 
data, only one galaxy was found to have a discrepant red- 
shift. This galaxy (Obj56 in Table |l|) was one of the two 
spectra with a 'c' quality fiag in the WYFFOS data, and we 
adopt the HYDRA measurement of its redshift in Table 1. 



2.1.3 Completeness 

As noted above, our initial goal was to observe all galaxies 
within 30 arcmins of the sightline of Q1821-I-643 down to a 
magnitude of bj = 18.5. Combining the WYFFOS and HY- 
DRA data, we measured 68 of 71 galaxy candidates, a com- 
pleteness of 96%. 17 of 68 candidates, or 25%, were found 
to be stars. A large number of stellar spectra were expected, 
since we included objects marginally identified as galaxies 
to ensure that compact galaxies were not exlcuded in our 
sample. The distribution of confirmed galaxies in Right As- 
cension and Declination vs. redshift is shown in Fig. |l| We 
believe the errors in the APM magnitudes may be within 
±0.5 mags, but CCD images taken over the entire field of 
view of the spectrographs are needed to confirm this figure. 
Thus, the total galaxy sample considered here consists of 



51 galaxies brighter than bj = 18.5 within 30 arcmin of 
Q1821+643 on the plane of the sky. 

2.2 Identification of Lya systems 

There exist several independent observations of Q1821-I-643 
made with HST, covering diff'erent wavelength ranges and 
obtained at different resolutions. The first data were ob- 
tained with the FOS by Bahcall et al. (1992, hereafter B92) 
using the G130H, G190H, and G270H gratings, and sub- 
sequently reanalysed as part of the Absorption Line Key 
Project (Bahcall et al. 1993, hereafter KPI). Higher resolu- 
tion data from the GHRS were obtained by Savage, Sem- 
bach & Lu (1995, hereafter SSL) with the G160M grating 
over two small wavelength regions from 1232 - 1269 A and 
1521 - 1558 A. Finally, GHRS G140L data are available 
from the HST Archive, taken 30-March-1996 and covering 
the wavelength range ~ 1255 — 1530 A. 

Comparing the list of Lya absorption lines identified in 
FOS spectra by B92 and KPI shows several inconsistencies 
which arise from changes in their method of line identifica- 
tion. Further, the high resolution GHRS spectra obtained by 
SSL show that some of the initial identifications in the FOS 
spectra were erroneous. To derive a list of Lya absorption 
systems to compare with galaxies detected in our spectro- 
scopic survey, we have extracted the FOS and GHRS data 
from the HST Archive and reanalysed the data with our 
own software. Our identification of absorption lines follows 
similar procedures to those described by Young et al. (1979) 
and by B92. (These procedures differ from those used sub- 
sequently by KPI who used the instrumental Line Spread 
Function (LSF) of the spectrograph to weight the summa- 
tion of pixels comprising a line in the determination of its 
equivalent width.) 

There are several differences in our analysis to those 
used by B92 and KPI. First, we have corrected the FOS 
wavelength scales by applying a shift to match the rest wave- 
lengths of low ionization lines arising from Galactic absorp- 
tion in the spectra to the velocity of the bulk of H I emission 
measured at 21 cm. We take the heliocentric velocity of this 
gas to be at ~ —40 km s~^ (Lockman & Savage 1995). Sec- 
ond, no accurate LSFs are available for the FOS aperture 
used (0'.'25 x 2'.'0) so we have not used an LSF to estimate the 
equivalent widths of lines. Instead, we have taken the num- 
ber of pixels over which an absorption feature is detected to 
be 11. This, for example, is the extent of the LSF for the 
l."0 aperture (see BBP). Third, error arrays supplied by 
the pipeline wavelength calibration of FOS spectra do not 
include any contribution from the background or from other 
sources such as scattered light, and are therefore inadequate 
for determining the reality of a feature in a spectrum. We 
have therefore constructed arrays from measured rms de- 
viations in regions of a spectrum clearly free of absorption 
lines, and used these for our error arrays. The flux arrays 
used to measure the noise are those prior to the data being 
resampled to a linear wavelength scale because resampling 
introduces a smoothing of the flux. For GHRS data, the 
pipeline calibrated error arrays are true representations of 
the noise in the data, and can be used for detection and 
measurement of absorption lines. 

Our final line lists consist of lines at wavelength Aobs, 
with observed equivalent widths, W, which are > 3a{W), 
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Table 1. Galaxy Redshifts within 30' of Q1821+643 





RA 


Dec 








e 


P 


Des 


(J2000.0) 






Qual. 


(') 


(/i-i kpc) 


WYFFOS data 


Ext 


18:25:12.31 


+64:30:04.8 


16.77 


-0.00040 


a 


23.10 


0.0 


ObjSl 


18:23:58.30 


+64:26:51.3 


14.45 


0.12311 


a 


14.50 


1269.9 


Objl9 


18:25:26.87 


+64:36:39.1 


18.14 




e 


27.71 




Obj54 


18:24:40.36 


+64:34:54.0 


17.00 


0.10642 


a 


22.67 


1761.9 


Obj39 


18:25:04.56 


+64:40:35.8 


18.32 


0.09583 


a 


28.39 


2020.8 


Obj58 


18:24:33.84 


+64:38:51.2 


14.82 




e 


24.85 




Ob j 113 


18:23:15.55 


+64:33:05.6 


17.78 


0.19188 


b 


15.08 


1854.1 


Obj93 


18:23:38.88 


+64:41:46.7 


12.71 


0.08826 


a 


23.83 


1581.3 


Objl53 


18:22:20.92 


+64:26:50.9 


17.17 


0.19231 


a 


6.75 


831.2 


Objl44 


18:22:31.70 


+64:35:28.4 


12.90 


0.05047 


a 


15.33 


618.9 


Objl42 


18:22:36.11 


+64:45:44.9 


16.41 




e 


25.49 




Objl67 


18:22:07.61 


+64:39:32.4 


17.47 


0.05039 


a 


18.97 


764.8 


Objl86 


18:21:49.21 


+64:37:48.4 


10.08 


0.05019 


a 


17.22 


691.7 


Objl98 


18:21:36.70 


+64:45:22.6 


17.09 


0.10725 


a 


24.87 


1945.4 


Obj216 


18:21:21.38 


+64:49:40.4 


18.08 




c 


29.32 




Obj219 


18:21:18.20 


+64:43:35.5 


18.19 


-0.00008 


a 


23.37 


0.0 


Ob j 264 


18:20:14.22 


+64:38:56.5 


16.50 


-0.00018 


a 


21.42 


0.0 


Ob j 238 


18:20:56.96 


+64:27:55.0 


17.52 


0.07198 


a 


9.78 


543.5 


Obj293 


18:19:40.64 


+64:30:38.5 


17.92 


0.17955 


a 


17.83 


2089.2 


Obj318 


18:18:53.04 


+64:30:37.4 


18.47 


-0.00009 


a 


22.25 


0.0 


Ob j 290 


18:19:44.59 


+64:23:07.4 


15.66 


0.08941 


a 


14.56 


977.0 


Ob j 334 


18:18:14.83 


+64:18:22.4 


16.95 


0.05106 


a 


24.19 


987.1 


Obj272 


18:20:02.47 


+64:18:53.0 


18.32 


0.02788 


a 


12.54 


290.5 


Ob j 332 


18:18:17.71 


+64:16:15.9 


17.41 


0.18002 


a 


24.18 


2838.7 


Obj338 


18:18:02.25 


+64:14:04.2 


16.91 


0.12103 


a 


26.30 


2271.7 


Obj327 


18:18:35.45 


+64:14:20.8 


16.49 


0.09538 


a 


22.75 


1612.9 


Ob j 245 


18:20:48.75 


+64:18:52.4 


18.29 


-0.00029 


a 


7.61 


0.0 


Obj307 


18:19:24.44 


+64:07:53.1 


17.85 


0.17993 


a 


20.91 


2453.9 


Obj221 


18:21:19.80 


+63:59:45.2 


16.86 


-0.00015 


a 


21.25 


0.0 


Objl46 


18:22:30.82 


+64:04:12.9 


15.41 


0.07171 


a 


16.79 


929.9 


Objl37 


18:22:41.28 


+64:10:27.1 


17.07 




c 


11.23 




Objll2 


18:23:16.01 


+64:04:52.9 


14.11 


0.02754 


a 


17.91 


410.0 


Obj92 


18:23:41.16 


+64:01:08.3 


16.70 


0.07249 


a 


22.52 


1259.2 


Obj213 


18:21:25.88 


+63:51:36.0 


17.22 


0.00028 


a 


29.21 


0.0 


Ob j 204 


18:21:37.94 


+63:51:24.4 


18.01 


0.00070 


b 


29.27 


0.0 


Objl78 


18:21:57.41 


+63:52:44.1 


17.00 


0.00004 


a 


27.87 


0.0 


Objl65 


18:22:09.95 


+64:09:36.9 


17.87 


0.08410 


a 


11.08 


705.3 


Objl51 


18:22:25.74 


+63:53:51.5 


18.46 


0.00005 


a 


26.93 


0.0 


ObjlOS 


18:23:25.41 


+64:08:34.0 


9.38 


0.05033 


a 


15.39 


619.8 


Obj53 


18:24:40.55 


+64:02:45.1 


17.09 


0.09681 


a 


25.20 


1809.2 


Obj67 


18:24:21.54 


+64:06:26.2 


7.30 


0.05106 


a 


21.14 


862.6 


Obj34 


18:25:08.16 


+64:09:17.3 


18.37 


0.13853 


a 


23.63 


2273.5 


Objl5 


18:25:46.41 


+64:07:56.8 


18.22 


0.07200 


b 


27.94 


1553.0 


Obj63 


18:24:28.05 


+64:16:41.5 


17.98 


0.08470 


c 


16.81 


1076.7 


Objl72 


18:22:02.73 


+64:21:38.7 


17.60 


0.12160 


a 


1.20 


104.0 


Obj217 


18:21:22.44 


+64:28:28.7 


18.08 


0.12245 


a 


8.72 


760.4 


ObjlSO 


18:21:53.90 


+64:19:49.8 


18.34 


-0.00012 


a 


0.85 


0.0 


Obj345 


18:17:33.14 


+64:19:29.9 


17.38 


0.00000 


b 


28.61 


0.0 


Obj271 


18:20:04.95 


+64:19:44.3 


18.47 


-0.00014 


a 


12.18 


0.0 


Obj242 


18:20:53.45 


+64:19:37.1 


18.10 


0.11155 


b 


6.97 


563.2 


Obj212 


18:21:25.61 


+64:02:11.0 


17.79 


0.19406 


a 


18.74 


2322.7 


Objl92 


18:21:41.26 


+63:51:37.2 


15.81 


0.02380 


b 


29.04 


578.4 


Objl32 


18:22:47.01 


+63:59:28.6 


15.49 


0.07201 


a 


21.82 


1213.0 


Ob j 140 


18:22:36.32 


+64:12:42.1 


17.96 


-0.00034 


a 


8.97 


0.0 


Obj57 


18:24:33.26 


+64:16:13.9 


16.63 


0.05305 


a 


17.48 


738.6 


Obj72 


18:24:12.74 


+64:24:40.1 


18.02 


-0.00011 


a 


15.21 


0.0 


Obj97 


18:23:34.34 


+64:18:35.1 


17.01 


0.05099 


a 


10.72 


436.9 


Ext 


18:24:09.55 


+64:19:33.7 


18.17 


-0.00035 


a 


14.37 


0.0 
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Table 1. Cont. 





RA 


Dec 








e 


P 


Des 


(J2000.0) 




^gal 


Qual. 


(') 


(h-i kpc) 


iJDJ iU 


18:26:01.05 


+64:23:16.4 


10. i / 


V.D lvz6 


a 




1 c; /I n Q 
lo4y.o 


Obj73 


18:24:12.45 


+64:35:12.7 


18.24 


-0.00020 


a 


20.64 


0.0 


Obj90 


18:23:42.40 


+64:32:53.3 


16.81 


0.05242 


a 


16.72 


698.8 


Obj87 


18:23:44.90 


+64:42:45.9 


18.06 


0.08849 


a 


25.00 


1662.7 


Objl48 


18:22:29.27 


+64:41:05.4 


16.76 


0.08807 


a 


20.77 


1375.7 


Ob j 347 


18:17:26.18 


+64:19:43.7 


18.24 




e 


29.35 




Obj230 


18:21:08.73 


+63:52:09.0 


18.04 


0.15039 


a 


28.94 


2968.2 


ObjllS 


18:23:09.33 


+63:52:23.4 


17.14 


0.00000 


a 


29.29 


0.0 


Objl38 


18:22:40.55 


+64:09:43.7 


18.42 


0.12050 


a 


11.85 


1019.9 


Objl30 


18:22:50.78 


+64:09:40.8 


18.40 


0.00000 


b 


12.38 


0.0 


HYDRA data 


Ext 


18:23:57.96 


+64:11:07.7 


8.61 


-0.00014 


a 


16.18 


0.0 


Objl31 


18:22:50.92 


+64:09:19.8 


12.71 


0.05086 


a 


12.70 


516.4 


Obj56 


18:24:34.11 


+64:19:04.1 


14.80 


0.05050 


a 


17.07 


689.5 


Obj58 


18:24:33.84 


+64:38:51.2 


14.83 


0.09605 


b 


24.85 


1772.2 


ObjlSl 


18:21:52.77 


+64:38:59.5 


15.32 


0.05050 


a 


18.39 


742.9 


Objl42 


18:22:36.11 


+64:45:44.9 


16.42 


0.04970 


a 


25.49 


1014.7 


Ext 


18:25:12.31 


+64:30:04.8 


16.77 


-0.00030 


a 


23.10 


0.0 


Obj216 


18:21:21.38 


+64:49:40.4 


18.08 


0.05683 


c 


29.32 


1318.9 


Objl9 


18:25:26.87 


+64:36:39.1 


18.14 


0.09517 


a 


27.71 


1960.9 


Ext 


18:24:09.55 


+64:19:33.7 


18.18 


-0.00025 


a 


14.37 


0.0 


Ob j 347 


18:17:26.18 


+64:19:43.7 


18.25 


0.08210 


b 


29.35 


1829.8 


Obj62 


18:24:29.09 


+64:01:05.3 


18.57 


0.08420 


a 


25.58 


1630.0 


Objl3 


18:25:53.58 


+64:19:18.5 


18.61 


0.11159 


b 


25.63 


2071.7 


Obj309 


18:19:23.46 


+63:59:26.8 


18.61 


0.00005 


a 


26.98 


0.0 


Obj331 


18:18:17.57 


+64:34:37.2 


18.65 


0.07836 


a 


27.51 


1647.0 


Obj20 


18:25:20.57 


+64:16:35.7 


18.67 


0.09697 


a 


22.41 


1611.2 


Obj313 


18:19:07.28 


+64:36:50.3 


18.67 




e 


24.46 




Obj269 


18:20:08.55 


+64:00:06.1 


18.71 


0.00006 


a 


23.67 


0.0 


Obj241 


18:20:57.82 


+63:56:00.8 


18.71 


0.00040 


a 


25.43 


0.0 


Ext5 


18:22:11.40 


+64:28:43.0 


18.77 


-0.00013 


a 


8.26 


0.0 


Ob j 234 


18:21:00.73 


+64:37:54.3 


18.77 


0.26650 


c 


18.34 


2813.8 


Obj314 


18:19:10.44 


+64:07:27.4 


18.77 


0.09458 


a 


22.39 


1576.1 


Obj297 


18:19:34.62 


+64:42:21.0 


18.77 


0.16410 


a 


26.60 


2915.55 


Obj328 


18:18:28.71 


+64:38:03.6 


18.80 


0.16550 


a 


28.43 


3136.0 


Obj205 


18:21:35.27 


+64:25:24.0 


18.83 


0.18900 


a 


5.35 


650.7 


Obj38 


18:25:04.35 


+64:25:23.1 


18.85 


0.12005 


a 


20.79 


1784.0 


Obj275 


18:19:56.14 


+64:40:20.0 


18.85 


0.00008 


a 


23.64 


0.0 



where a{W) is the error in the equivalent width at Aobs- For 
lines which are in common with those found by B92 and 
KPI, the majority of our measurements of W are within 
±3a{W) of their measurements. Hence our measurements 
of W give values close to those already published. Only if 
a line sits on the peak of an emission line do equivalent 
widths differ by more that ±3ct(W), because errors inherent 
in continuum fitting around the emission line mean that 
the true value of a(W) is greater than that estimated from 
the noise. Of the 18 lines we detect in FOS or published 
GHRS data, 15 have been identified by B92, SSL, and/or 
KPI. We detect an additional Lya line in the GHRS data 
at 1252.1 A, which is weak, but present at the 3cr level in 
our analysis. Another two lines are marginal detections in 
the FOS G130H data, but are confirmed in the unpublished 
GHRS G140L spectrum. 

The Lya lines we identify are listed in Table ^. Column 
4 lists the absorption redshift, 2abs, of the absorption line; 
column 5, zghrs, indicates whether the redshift has been 
determined from the high resolution G160M GHRS spectra 



of SSL, either by direct measurement of the Lya line or 
higher order Lyman lines of the same absorption system. 
Measurements of Zabs using these spectra are more accurate 
than those derived from the FOS data. Column 6 lists the 
absolute magnitude we reach in our survey at Zabs given 
the limiting observed magnitude of bj — 18.5. Column 7 
lists in which spectra the lines have been identified, while in 
column 8 we record whether the authors mentioned above 
also identified the line. 

We identify lines at 1264.2 and 1270.9 A as Lya absorp- 
tion at redshifts of Zabs = 0.0399 and 0.0454. However, it 
is also possible that these are actually an O VI absorption 
doublet at z^bs ~ 0.2249, from an absorption system iden- 
tified by its strong Lya and Ly/3 absorption (Tripp et al. 
1997). We maintain that the lines are indeed low-redshift 
Lya absorption for two reasons: a) the Zabs ~ 0.2249 Ly/3 
and O VIA1031 lines do not match up in velocity (although 
this could be because of additional lower column density gas 
which shows up in H I absorption but not O VI); and b) there 
is no absorption from C IV, Si IV or N V (or indeed from 
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Figure 1. Wedge diagrams showing the spatial distribution of galaxies observed with WYFFOS and HYDRA as a function of redsliift, 
plotted in RA (top) and DEC (bottom). Redshifts of Lya lines towards Q1821+643 are plotted along the central axis; diamonds indicate 
lines with Wr > 0.2 A, triangles Wr < 0.2 A. Galaxies forming part of our magnitude limited sample of bj < 18.5 are shown as filled 
circles, fainter galaxies are open circles. The absolute magnitudes of this limit at the redshifts marked along the right axis of each cone 
are shown on the left side, along with the comoving angular distance that 30 arcmin corresponds to at the same redshift. 
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Table 2. Ly« systems along the line of sight to Q1821+643 
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B92,KPI 


1478.7 


0.20 


0.07 


0.2166 
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-20.7 
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KPI 


1489.3 


1.01 


0.07 


0.2249 
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B92,KPI 


1492.6 
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0.02 
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2,3 


B92 
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0.06 


0.02 


0.2452 
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1529.46 


0.21 


0.02 


0.2581 


y 


-21.1 


1,2,3 


SSL,B92 


1533.63 


0.22 


0.02 


0.2616 
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-21.1 


1,2 


SSL,B92,KPI 


1539.74 


0.24 


0.02 
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1,2 


SSL,B92,KPI 


1576.6 
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0.03 
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B92,KPI 



Line detected in — (1) GHRS G160M spectrum; (2) FOS G130H spectrum; (3) 
GHRS G140L spectrum 

Line also found by: SSL— Savage, Sembach & Lu 1995; B92— Bahcall et al. 1992; 
KPI— Bahcall et al. 1993 



any other metal species) at Zabs ~ 0.2249. Clearly, higher 
sensitivity observations are needed to test the identification 
of these lines further. 

In Figs. Hand ^ we show portions of the FOS G130H and 
GHRS G140L normalised spectra and Lya systems iden- 
tified. Comparisons between features found in both FOS 
G130H and GHRS G140L spectra suggest that the values 
of Zabs in Table b are consistent to within \Az\ ~ 0.0002. 



2.3 NED galaxies 

Due to the pencil-beam nature of our survey, the number of 
galaxies sampled below z < 0.05 begins to decline as the 1 
degree angular size of the sky samples smaller physical radii, 
and hence volume. We have therefore supplemented our list 
of galaxies by searching the NASA Extragalactic Database 
(NED) for all galaxies with known redshifts within 300 ar- 
cmins of the QSO line of sight. Of 136 galaxies found, none 
were within 500 kpc of the QSO sightline. A wider 

search for galaxy clusters over 30 degrees revealed only two 
clusters close to the QSO sightline. ZwCl 1638.4-1-6038 at 
z = 0.01634 is 10.3 h'^ Mpc away, while Abell 2295 at 
z = 0.05080, is 13.0 h'^ Mpc from the line of sight. The 13 
galaxies we found at z ~ 0.051 ± 0.02 in Fig. |l| are presum- 
ably members of a larger structure of which Abell 2295 is 
part. 



3 DISCUSSION 

Since the aim of our programme is to study the association of 
Lya lines with low-redshift galaxies, we have detected very 
few galaxies beyond z = 0.2 (see Fig. ^). The magnitude 
limit of our survey (bj < 18.5) means we become insen- 
sitive to galaxies fainter than L* beyond z ~ 0.1. Deeper 
searches for galaxies close to the QSO line of sight include 
those by Schneider et al. (1992), who have detected several 
galaxies within one arcmin. Although most appear to be at 
similar redshifts to the QSO itself, one galaxy (labelled G in 
their Table 1, 73 kpc from the QSO sightline) is within 
600 km s"^ of the z^bs = 0.2249 and 0.2278 absorption 
systems. Also, Le Brun et al. (1996) have detected a galaxy 
(their #8) at a redshift of 0.1703, 266 h'^ kpc from the QSO 
line of sight, and close to the redshift of the Zabs = 0.1701 
system listed in Table 2. However, since these galaxies have 
been detected in surveys with different magnitude limits, 
survey completion, and extent on the sky than our own, we 
do not include them in our subsequent analysis. 

3.1 Lya-absorbing cross-section of individual 
galaxies 

We begin first by considering the limits we can set on the size 
of individual galaxy halos from our data. Table 1 contains 
49 galaxies within 2 Mpc of the QSO line of sight. 

For each galaxy at a separation p from the QSO sightline 
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Figure 2. Portions of the normalised spectra of the FOS G130H spectrum of Q1821+643 originally presented by B92 & KPI. All the 
Lya lines listed in Table 2 are indicated. The shaded regions represent wavelength ranges spanned by the high resolution GHRS G160M 
data obtained by SSL; tick marks which do not appear to correspond to any obvious lines here indicate the positions of weaker hya 
absorption revealed by GHRS G160M data. Similarly, lines marked between ~ 1270 — 1320 A which appear marginal here can be seen 
in the GHRS G140L spectrum extracted from the i/5T Archive (Fig. 3). 



we have searched for Lya absorption in the QSO spectra 
within ±600 km s~ of the galaxy's measured redshift. 18 of 
these galaxies could not be searched for absorption, however, 
since any Lya absorption which did arise at the redshift of 
the galaxy would be obscured by Milky Way absorption lines 
or other lines from higher redshift systems. Also, six galaxies 
would have Lya absorption lines blended with the wings of 
weak {W < 0.2 A) Galactic lines; in these cases it has only 
been possible to search for Lya absorption from the galaxy 
within ±(200 - 300) =F 600 km s"^ of its velocity. Table | 
lists the first 13 galaxies within 1 Mpc for which we 

were able to search for absorption, and the detection of any 
Lya lines. Av given in column 7 is the velocity difference 
derived from Zgai — z^bs- 

Fig. ^ plots p vs. Wr for galaxies where Lya could be 
searched for; circles represent detections of Lya absorption, 
limits are given by arrows. We find three galaxies within 
500 kpc of the QSO line of sight, and detect Lya absorp- 



tion from the galaxy closest to the line of sight (Objl72) at 
Zgai ~ 0.1216, p = 104 h~ kpc. The absorption line is mod- 
erately strong, with a rest equivalent width of Wr ~ 0.63 A, 
and there is no associated C IV absorption to 3a equiva- 
lent width limits of 0.12 A. The galaxy shows strong [O II], 
[O III] , and H/3 emission, as well as strong Balmer lines, indi- 
cating recent star formation. However, the absorbing galax- 
ies found by LBTW generally did not show emission lines, 
and it is unlikely that any correlation exists between the 
star formation implied by the spectral features in Objl72's 
spectrum and the existence of an extended gaseous halo. 

The next closest galaxies are at impact parameters of 
291 and 410 kpc; they show no absorption to extremely 
low equivalent width limits of 0.05 A (their redshifts were 
covered by SSL's high resolution GHRS data; these data 
also show that no local Galactic lines prevent detection of 
Lya at the galaxy redshifts). One other galaxy is within 
0.5 h-^ Mpc, (Obj97 at Zgai = 0.05099, p = 437 /i"^ kpc) 
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Figure 3. Portions of the normalised G140L spectrum extracted from the HST Archive, with the positions of Lya lines marked. Data 
are binned at the original dispersion of 0.29 A pix~^. See caption to Fig. 2 for significance of shaded region. Redshifts of identified 
Lycf lines are shown above the spectrum, along with the positions of absorption lines from the Milky Way indicated by •; the expected 
wavelengths of Lya absorption from all the galaxies listed in Table 1 which are within p < 1 Mpc are shown by tick marks below 

the spectrum. 



Table 3. Galaxies with p < 1 h~'^ Mpc from the sightline of Q1821+643 









P 




Wr 


Av 


Des 




A/gal 


(/i-i kpc) 




(A) 


(km s^-"-) 


Objl72 


0.12160 


-20.3 


104.0 


0.1214 


0.63 


54 


Obj272 


0.02788 


-16.3 


290.5 




< 0.05 




Objll2 


0.02754 


-20.5 


410.1 




< 0.05 




Obj242 


0.11155 


-19.6 


563.2 


0.1113 


0.09 


67 


Objl92 


0.02380 


-18.5 


578.4 


0.0245 


0.31 


-205 


Obj205 


0.18900 


-20.0 


650.7 




< 0.03 




ObjQO 


0.05242 


-19.2 


698.8 




< 0.03 




Objl65 


0.08410 


-19.2 


705.3 




< 0.05 




Obj57 


0.05305 


-19.4 


738.6 




< 0.03 




Objl53 


0.19231 


-21.7 


831.2 




< 0.03 




Obj67 


0.05106 


-22 : 


862.6 




< 0.10 




Obj290 


0.08941 


-21.5 


977.0 




< 0.03 




Obj334 


0.05106 


-19.0 


987.1 




< 0.10 





but is not included in Fig. |^ or Table 3 because the red- 
shift at which Lya is expected is obscured by a weak line at 
1277.1 A which is probably Galactic C I. The line could in 
principle be Lya at z^^hs = 0.0505, since there is no corre- 
sponding C IA1280. However, C IA1277 is detected in higher 
resolution GHRS data at roughly the same strength as ob- 
served here, and a simple Voigt profile fit to the C IA1277 
line suggests that C IA1280 would be not be detected in spec- 
tra of the sensitivity of the G140L data. This is unfortunate, 
because the C IA1277 line obscures any Lya absorption from 
the group of galaxies found at z ~ 0.05. 



The detection of a single absorbing galaxy 104 h'^ kpc 
from the QSO line of sight is consistent with LBTW's con- 
clusion that galaxies are surrounded by spherical halos of 
160 hr^ kpc radius. There is good evidence from LBTW 
and BBP that individual galaxies are not surrounded by 
halos with radii greater than ~ 200 — 300 kpc, and 
although our data do not well sample galaxy halos on sizes 
p — 100 — 500 hr^ kpc, the data continue the trend of 
non-detections beyond p = 500 h^^ kpc, confirming that 
the majority of galaxies do not possess Lya absorbing ha- 
los beyond 500 hT^ kpc. There are, however, a few cases 
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Figure 4. Plot of the distribution of p vs. rest equivalent width, 
Wr, for galaxies in our survey. Open circles represent detections 
of Lycf lines within Av = ±600 km of a galaxy's velocity. 



where Lya lines arise at the same redshifts as galaxies. This 
is similar to what BBP found on scales oflOO-500 /i"^ kpc, 
where a few absorber-galaxy associations were found despite 
the general trend of non-detections. In that work, it was 
impossible to test whether those associations were statisti- 
cally significant or not. Here, however, we have a controlled 
sample of galaxies and absorption systems which allows us 
to test whether the detection of Lya at the same redshifts 
as galaxies is coincidental, although with our data we are 
mainly testing associations on scales of > 200 kpc. 

Another important point to emphasise is that the ma- 
jority of Lya lines lines listed in Table 2 are weak, Wr < 
0.2. These lines are not detectable in the FOS spectra of 
Q1821+643 [Bahcall et al. (1996) in their analysis of FOS 
Key Project data set a canonical value of 0.24 A as the 
limit to which FOS spectra are sensitive over a large spec- 
tral range] , and are only identified clearly in the more sensi- 
tive GHRS data. This makes it even more important to test 
whether apparent galaxy-absorber associations arise purely 
from chance, because the density of weak lines with redshift 
is very much higher than strong ones, increasing the chances 
of 'accidental' coincidence close to the line of sight. The sta- 
tistical significance of all associations shown in Fig. 4 are 
discussed in detail in 53.3. 



3.2 Association of Lya-clouds with galaxies 

In Table |^ we list the ten Lya lines for which we could have 
detected a galaxy with luminosity brighter than « L* , and 
any galaxies found within ±600 km s^^ of the absorption 
line. The limit to p when no galaxy is found depends on the 
distance that 30 arcmins corresponds to at the redshift of a 
Lya line; these lower limits are given in column 6, and range 
from ~ 0.75-1.6 h'^ Mpc. Column 7 gives the proper sep- 
aration, s Mpc, between absorber and galaxy assuming 
that Av represents cosmological (i.e. "Hubble Flow") dis- 
tances. Miini is again listed in column 8 to highlight the 
limit to which we are able to detect galaxies. 

Of the ten Lya lines listed in Table 4 we are unable to 
detect any galaxies at similar redshifts from five (50%) of 
them. This result is shown graphically in a plot of Wr vs. 
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o 100 200 500 1000 

Log p (h^^ kpc) 

Figure 5. Plot of the distribution of rest equivalent width, Wr, 
of the Lyo lines towards Q1821±643, vs. impact parameters, p, 
of the nearest galaxies within Av = ±600 km of the Lya 
system. Open circles represent detections of a galaxy; lower lim- 
its correspond to the size that 30 arcmin corresponds to at the 
redshift of the absorption system. 



p for nine of the absorption systems in Fig. ^ (for this fig- 
ure, we have assumed that the weak line at Zabs = 0.1197, 
separated by 450 km s~^ from the Zabs = 0.1214 line, is asso- 
ciated with the galaxy 104 kpc from the QSO sightline). 
The figure suggests that at least half of the Lya lines are 
intergalactic in origin. As mentioned above, eight of the ten 
Lya lines are weaker than ~ 0.2 A; hence we are discussing a 
population of Lya lines much weaker than those detectable 
in FOS spectra. Six of these eight weak absorbers have no 
bright galaxies at separations less than (0.7— 1.3) Mpc. 
There are two strong lines {Wr > 0.3 A) at Zabs = 0.0245 
and 0.1214, and both have galaxies 578 and 104 kpc 
from the QSO sightline respectively. Again, the question is 
whether these associations are coincidental, a question we 
attempt to answer in §3.3. 

Our survey detects one obvious group of galaxies at 
z ~ 0.05 (see Fig. |l]). As noted above, possible absorp- 
tion by Lya at this redshift is unfortunately obscured by 
a weak Galactic C I absorption line. It is clear though 
that strong Lya absorption, with equivalent widths greater 
than the W{C IA1277) ~ 0.1 A observed, is not associ- 
ated with this group of galaxies. A direct association be- 
tween galaxy groups and Lya absorption systems has been 
claimed by Lanzetta et al. (1996) for a group of galaxies to- 
ward Q1545±2101 a,t z — 0.26; in their example, all five 
galaxies constituting the group are within p — 500 kpc 
of the QSO sightline, and the resulting Lya absorption is 
strong {W = 0.8 A) and broad. In our data, there are 12 
galaxies in a redshift interval 0.04950 — 0.05250 (which cor- 
responds to depth of 8 Mpc along the line of sight) but 
all are at separations of p = 0.44 — 1.01 Mpc. This 
clearly shows that loose groups of galaxies — where intra- 
cluster gas might be expected to produce absorption — need 
not produce Lya absorption. M93 found a similar example 
towards 3C 273. 

In contrast, there are three absorption lines at Zabs = 
0.0399 - 0.0454 (a depth of ~ 15 /i"^ Mpc) which are offset 
from this galaxy group, and unassociated with any galax- 
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Table 4. Nearest galaxies to Lya lines within 600 km s 





Wr 






Av 


P 


s 




^abs 


(A) 


Des 


2gal (km 


s-l) 


(/i-i kpc) 


(/i-i Mpc) 




0.0245 


0.31 


Objl92 


0.0238 


-205 


578.4 


2.06 


— 15.8 


O.OoOO 


0.05 




no galaxy 




> 745 




— 16.3 


0.0399 


0.18 




no galaxy 




> 975 




-16.9 


0.0411 


0.04 




no galaxy 




> 1002 




-16.9 


0.0454 


0.12 




no galaxy 




> 1099 




-17.2 


0.0570 


0.06 


Obj216 


0.0568 


-48 


1318.9 


1.42 


-17.7 


0.0672 


0.12 




no galaxy 




> 1569 




-18.1 


0.1113 


0.09 


Obj242 


0.1116 


67 


563.2 


0.89 


-19.2 


0.1197 


0.04 


Objl72 


0.1216 


508 


104.0 


4.28 


-19.3 


0.1214 


0.63 


Objl72 


0.1216 


54 


104.0 


0.46 


-19.4 



ies brighter than M ~ —17.0. There are 2 — 3 published 
examples of a Lya line lying in a void between galaxy struc- 
tures at low-redshift (ShuU et al. 1996), and, if the identi- 
fication of the Zabs ~ 0.0399 and 0.0454 systems towards 
Q1821+643 is correct (see §2.2), then this would be another 
good example of Lya lines avoiding galaxies. Of course, at 
z ~ 0.04, 30 arcmins corresponds to only lh~^ Mpc, which 
makes it possible that galaxies forming part of a loose group 
at these redshifts might be missed. If we consider galax- 
ies listed in the NED outside our 30 arcmin survey radius, 
we find only eight nearby galaxies, at large distances of 
3.0 - 10.0 Mpc from the QSO line of sight within a 
redshift range z = 0.038 — 0.042. Although the catalogue of 
galaxies from the NED is in no sense complete, (and draw- 
ing any inferences from such a catalog may be highly mis- 
leading), this does suggest that some Lya absorbers avoid 
galaxies on scales of at least a few Mpc. 



3.3 Galaxy-absorber correlation functions: are 
absorbers associated with galaxies? 

It is clear from the proceeding section that we need a sta- 
tistical approach to establishing whether apparent galaxy- 
absorber correlations are real. In this section, therefore, 
we calculate the galaxy-galaxy and galaxy-absorber cross- 
correlation functions in our data set to test the significance 
of such associations. 

We have used the formalism given by Mann, Saunders 
& Taylor (1996), which for the galaxy-galaxy correlation 
function reduces to the estimator of ^gg given by Hamilton 
(1993). To calculate the galaxy-absorber cross-correlation, 
^gi, in redshift space, where separations are denoted as s, 
we have used their generalization 



l + ^gi(s) 



DsDijs) RgRijs) 
DgRi{s) RgDi{s) 



(1) 



where DgDi{s) is the weighted pair counts of galaxies 
and lines whose separation places them in a bin centred on 
s, RgRi is the corresponding weighted count for a random 
catalogue of a) galaxies covering the same area of sky and 
having the same selection function as the data, and b) lines 
randomly distributed along the line of sight with a correction 
for an evolving number density with redshift. DgRi, RgDi 
and RgRi are the weighted counts of cross pairs between the 
data and the random catalogs. 

For the weighting of the pair counts we adopt the now 



'standard' choice of using either w{r) = 1 — no weighting 
— (where r denotes the radial distance of a galaxy /line from 
the observer) or, for galaxies. 



w{r,s) = l/[H-47r(?!)(r)J3(s)] 



(2) 



(Peebles 1973; Hamihon 1993; Mann, Saunders & Tay- 
lor 1996; Tucker et al. 1997). Here, 4>{r) is the selection 
function, which we take simply to be the number density 
of galaxies in our survey, n{r)/V{r), as calculated from our 
data. In this weighting scheme, J-i{s) is defined as 



Us) 



(3) 



and we have used the results from the Las Campanas 
Redshift Survey (LCRS; Tucker et al. 1996), ^(s) = (so/s)^ 
with So = 6.3 and 7 = 1.52 to evaluate J3(s). In fact, 
the correlation function we calculate is relatively insensitive 
to using this weighting function. For absorption lines, wir) 
is always set equal to unity. To ensure the correct number 
density of lines, random catalogs were generated with the 
number of lines n(z) oc (1 -I- z)^, where 7 = 0.42 (Bah- 
call et al. 1996). Although this is inevitably only an approxi- 
mation, because we have included Lya lines with equivalent 
widths less than the 0.24 A used to evaluate n{z), the correc- 
tion has little effect over the small redshift range discussed 
herein. For all estimates of and ^gj, we have used 10000 
points for the random catalogues, and a maximum redshift 
oi z = 0.2. For ^gj, we have used a minimum redshift of 
0.0060 for lines and galaxies, since below this, we cannot 
distinguish Lya lines from the Damped Lya line of our own 
Milky Way. 

We first show in Fig. ^ (top) the galaxy auto-correlation 
function for galaxies weighted in the way described in equa- 
tion 2. Errors shown are Icr error bars calculated in the way 
prescribed by Mo et al. (1992). Also plotted is 1 + ^gg from 
the LCRS (dotted line). The figure shows, unsurprisingly, 
that the galaxies are clustered in much the same way as 
seen in more extensive galaxy surveys. 

In Fig. we plot the galaxy-absorber correlation func- 
tion, ^gi. For bins with no galaxies or Lya clouds detected, 
we have set ^gi = 1 to indicate the size of bins used to 
calculate ^gi. In Fig. ^ the correlation is dominated by a 
single point between 0.36 - 0.64 ft"^ Mpc; this is Objl72 
lying 104 kpc from the QSO sightline (Table ||) at a 
redshift of 0.1216. This correlation calculation assumes a 
(comoving) Hubble fiow; hence the difference between Zgai 
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Figure 6. The galaxy auto-correlation function, ggg, of galaxies 
in our sample towards Q1821-I-643. For comparison, the auto- 
correlation of galaxies found from the Las Camapanas Redshift 
Survey (Tucker et al. 1997) is shown as a dotted line. 



and Zahs of ~ 0.0002 means that the distance of galaxy and 
absorber becomes 518 kpc, even though this value of Az 
is within our measurement errors of Zgai and Zabs- Neverthe- 
less, the detection of a galaxy at these impact parameters 
remains statistically significant; given a random distribu- 
tion of galaxies and absorbers, we would only have expected 
0.02 pairs instead of the one we found. Hence this galaxy- 
absorber association is unlikely to have arisen by chance. 
Apart from this pair, Fig. ^ shows that the majority of ab- 
sorbers are uncorrelated with galaxies, that is, that galaxies 
at similar redshifts to absorbers on scales of 0.5 — 2 Mpc 
in Fig. ^ probably arise by chance. We note a slight excess 
between s = 2.0 — 3.6 Mpc, but the point is within 
2(7 of ^gi = (7 pairs were expected, 10 were detected). 
We note that the lack of any galaxy-absorber pairs at sep- 
arations of s = 0.15 and 0.27 Mpc is not significant: 
compared with the randomly generated catalogue of galax- 
ies and absorbers, less than 1 galaxy-absorber association 
was expected for each of these bins. 

The problems in taking the projected two-point corre- 
lation function and estimating the proper three-dimensional 
spatial correlation function (Davis & Peebles 1983) for 
galaxies and absorbers are discussed in detail by M93. It 
is of more interest, however, to calculate ^gi using a "re- 
tarded Hubble Flow" to take into account the possibility 
that a galaxy and an absorber may be at the same (radial) 
distance from us, but have peculiar velocities with respect 
to each due to the origin of the absorbing gas (e.g. halo 
gas co-rotating with a galaxy disk). Hence in Fig. ^ we 
calculate ^gi with Av set to zero if the measured value is 
\Av\ < 200 km s"\ and At; corrected to Ai; - 200 km s"^ 
if |At;| > 200 km s^^. (The resulting correlation is changed 
little by adopting values of 100 — 300 km s~^ as the cri- 
terion for setting Av = 0.) The figure shows that in this 
case, absorbers and galaxies tend to more consistently have 
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Figure 7. The galaxy-absorber cross-correlation function, ^gi, 
towards Q1821-f643. ^gi is calculated (a) assuming that values of 
At; between absorbers and galaxies arise from the Hubble Flow, 
and (b) assuming a retarded Hubble Flow such that Af is set to 
zero if Ad < 200 km . For comparison, the galaxy-galaxy 
correlation function found by Tucker et al. (1997) for the LCRS 
is again shown as a dotted line. 



values of ^gi > 0. This suggests that absorbers and galax- 
ies are weakly associated if it is assumed that the velocity 
difference is not related to any real physical separation, i.e. 
if the real separation between galaxy and absorber is the 
measured value of p. However, it is important to realise not 
only that all the points are within 2a of ^gi = 0, but that 
this correlation is sensitive to the exact sample of Lya lines 
used; simply removing a line at random from the list to test 
the robustness of the correlation can remove the apparent 
consistency of having most of the points with ^gi > 0. This 
lack of robustness is not surprising given the small sample 
size of our data set. 

We conclude that weak absorbers are uncorrelated, or 
at best, weakly correlated, with galaxies, on scales of beyond 
a few hundred kpc or more. Given that there may be 
more of a significance for the retarded Hubble Flow estimate 
of ^gi, we can speculate on what this might mean. In what 
scenarios could galaxies and absorbers be at the same ra- 
dial distance from us? One possibility is that absorbing gas 
is directly associated with the identified galaxy. This seems 
unlikely for points in Fig. ^ and ^ with p — 0.5 — 2h~^ Mpc 
since there is good evidence that individual galaxy halos do 
not have absorbing gas beyond p = 200 — 300 h^^ kpc 
(LBTW; BBP). A second possibility is that the gas is a 
remnant of prior galaxy-galaxy interactions. Although tidal 
debris is not a favoured explanation for the origin of the 
z ~ 0.5 Mg II absorption lines (see, e.g. Steidel et al. 1994), 
nearby interacting galaxies have been shown to produce the 
characteristics of higher redshift Mg II systems (Bowen et al. 
1995), while tidal debris as an origin of Lya absorbers has 
been discussed by Morris & van den Bergh (1994). This in- 
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terpretation will remain hard to test, as observing the more 
subtle signs of galaxy-galaxy interactions is difficult. 

Finally, galaxies and absorbers could be at similar dis- 
tances if they inhabit the same dark matter (DM) struc- 
tures which constitute the large scale structure (LSS) 
of the Universe. Many CDM-based numerical simulations 
(e.g. Cen et al. 1994; Petitjean, Miicket & Kates 1995; 
Zhang et al. 1995; Miicket et al. 1996) now point to the 
possibility that low column density H I gas simply follows 
the same LSS as galaxies (at least at high rcdsliift). It seems 
likely that galaxies and absorbers which lie in DM sheets and 
filaments will have small (but non-zero) velocity differences, 
since the velocity width of galaxy shells soon in local LSS is 
200 — 300 km s^^ (e.g. Santiago 1995). Hence the measured 
values of p may well represent real distances between galax- 
ies and absorbers, at least for sheets aligned perpendicular 
to our line of sight. 

3.4 Conclusions and Summciry 

We have detected a single galaxy 104 kpc from the 
line of sight of Q1821-I-643; Lya absorption arises at the 
same redshift as the galaxy to within measurement errors. 
The association is statistically significant compared to a ran- 
domly distributed ensemble of clouds and galaxies, suggest- 
ing a direct link between absorber and galaxy. The lino is 
strong {Wr ~ 0.63 A) and its detection is consistent with 
those of similarly strong lines within 160 hr ^ kpc of bright 
galaxies found by LBTW. The next nearest galaxies are 
291 kpc and 410 kpc away from the sightline, and 
these show no absorption to very low equivalent width limits 
{Wr < 0.05 A) within 600 km s"^ Beyond 500 kpc, sev- 
eral absorption systems are found at similar redshifts to the 
galaxies, but these coincidences are likely to be accidental. 

Five of ten (50%) Lya absorption systems out to a red- 
shift of 0.12 have no galaxies within 600 km s^^ and sep- 
arations less than (0.7 — 1.3) Mpc. At these redshifts, 
our magnitude limited redshift survey would have been able 
to detect at least L* luminosity galaxies. Excluding the one 
Lya system apparently associated with the galaxy described 
above, two Lya systems have galaxies within 600 km s^^ and 
p = 0.4—0.7 Mpc, but these associations are again prob- 
ably coincidental. Eight of the ten lines have weak equivalent 
widths {Wr < 0.2 A), and we conclude that this population 
is uncorrelated, or at best, weakly correlated, with galax- 
ies. A similar result was found by Stocke et al. (1995) for 
lines with Wr < 0.1 A detected in their own and previously 
published data sets. 

The nature of the strong lines is loss clear. The detection 
of strong lines within 200 h^^ kpc of galaxies by LBTW, 
and the association of one of two strong lines (out to a red- 
shift of 0.12) with a galaxy at a separation of 104 kpc 
in our own survey supports the idea that strong lines are 
associated with galaxies while weak ones are intergalactic 
in origin. This is the 'two-population' explanation proposed 
by Mo & Morris (1994) and Bahcall et al. (1996). The dif- 
ficulty in unambiguously drawing this conclusion from our 
analysis is that our data set contains too few strong lines 
at low redshift to adequately characterise the nature of this 
population. Le Brun et al. (1996) have published the only 
other available survey of the association of strong (FOS- 
detectable) lines with galaxies; of 13 Lya systems listed with 



Wr > 0.24 A, four have galaxies coincident in velocity which 
are within 200 h^^ kpc of a QSO sightline, five are in the 
range p = 200 — 500 kpc, and the remaining four are at 
separations beyond 1.0 Mpc — a roughly even spread 
in impact parameters. Much of this ambiguity may be down 
to the 43 % completeness of their survey at nir = 18.5, 
which ensures considerable difficulty in detecting intermedi- 
ate brightness galaxies at the redshifts of the Lya systems 
studied, Zabs = 0.09 — 0.77. However, detection of even a 
few bright galaxies so close to Lya systems may suggest that 
strong lines are directly associated with galaxies. Clearly, to 
explore this possibility further, more complete galaxy sur- 
veys are required at the redshifts of strong lines. A second 
approach would be to directly search for Lya absorption in 
halos of nearby, isolated galaxies at impact parameters of 
- 500 h-^ kpc. 

Our results do not rule out the possibility that strong 
Lya lines arc directly associated with galaxies of all lu- 
minosities — including faint dwarf galaxies which have not 
been found in the surveys described above — on scales of a 
few hundred kpc. This would explain why it has been 
easy to find some absorbing galaxies (i.e. the bright ones) 
while some strong lines appear to have no associated galax- 
ies (those which are too faint to be detected). Only Ranch 
et al. (1996) have searched for low surface brightness galax- 
ies which might be responsible for Lya absorption lines to- 
ward 3C 273, and none were detected, although two faint 
galaxies (CGCG014-054, Mb = -16.2 and the H I cloud 
H I 1225-1-01, Mb = -14.0) are at similar redshifts to the 
lowest redshifted Lya lines at 1012 and 1582 km s~^ and 
within p = 200 kpc. BBP also found Lya absorp- 
tion toward QlOOl-l-2910 at the same velocity as UGCA201 
{Mb ~ —16.2, p = 117 h^^ kpc) with no other galax- 
ies nearby. Unfortunately, it is hard to test whether these 
coincidences are accidental or not. 

The amount of data needed to fully understand the 
origin of the Lya-forest is still far from available. Ob- 
taining high quality, high resolution HST spectra toward 
Q1821-I-643 demonstrates the importance of such data, not 
only for exploring the weak population of Lya lines, but 
simply in disentangling the Lya-forest from Galactic absorp- 
tion lines when working at low-redshift. The nature of the 
strong lines remains unclear, and as mentioned above, a di- 
rect search for Lya lines within a few hundred kpc of 
nearby, isolated galaxies would provide much needed infor- 
mation as to whether strong lines alone are directly associ- 
ated with galaxies. 
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